1.. Introduction
================

Direct death from chest trauma accounts for 20--25% of all traumatic deaths, and chest trauma is the second leading cause of death from trauma ([@b1-etm-0-0-8264]). Multiple rib fracture patients, especially with flail chest, often suffer severe pain, chest wall softening, abnormal breathing and severe lung contusion and laceration, that may lead to respiratory failure, which is life threatening and often requires thoracic surgery ([@b2-etm-0-0-8264]). In recent years, the treatment of rib fractures with open reduction and internal fixation has achieved satisfactory results, and some surgical indications have reached consensus in the field ([@b3-etm-0-0-8264]--[@b8-etm-0-0-8264]); a number of scholars and medical centers have carried out retrospective studies, which have demonstrated the practicality and cost-effectiveness of rib fixation in patients with flail chest, including the small incidence of pulmonary complications, the short ICU mechanical ventilation time, the reduction in bed rest and use of large doses of analgesics and antibiotics, the indirect reduction of digestive tract inhibition, the low mortality rate and low hospitalization costs. Conventional rib fracture open reduction and internal fixation surgery causes great trauma, therefore, in recent years, experts have explored a variety of minimally invasive surgeries for flail chest ([@b9-etm-0-0-8264]).

2.. Small incision rib fracture open reduction and internal fixation
====================================================================

Since thoracic surgery often involves multiple ribs, the conventional rib fracture open reduction and internal fixation requires a large incision to obtain satisfactory exposure. Part of the chest wall muscles, blood vessels and nerves (long thoracic and thoracodorsal nerves) are usually damaged during the procedure, resulting in high infection rate of the incision and postoperative dysfunction, such as limited upper limb, shoulder and back function, and numbness of the affected side of the chest for a long time. Therefore, the damage of conventional surgical methods on the muscles and nerves limit the development of such surgical technique. Consequently, the rational choice of the incision plays an important role in the rehabilitation process of the patients. Chinese scholars have divided the different parts of the rib fracture into subdivisions based on the anatomical features of the thorax.

Taylor *et al* ([@b10-etm-0-0-8264]) summarized the surgical approaches as: i) Standard posterolateral thoracotomy: Through this approach the posterior, lateral, and posterolateral sides of the rib fracture ends are accessible. Standard posterolateral thoracotomy can also be extended laterally or diagonally forward. The incision is curved, often reflecting the anterior ribs, and the fracture of the anterior rib can also be exposed by a percutaneous-assisted small incision. ii) 'Auscultation triangle' incision: The retractor is used to retract the muscle tissue and the scapula to minimize the damage caused by the operation; the deep muscle layer is sutured and the drainage placed to prevent 'dead cavity' and postoperative hematoma formation. iii) Trans-axillary incision: It is more suitable for anterior lateral thoracic wall rib fixation. Some muscle tissues may be disconnected as needed, the long thoracic nerve should be protected. iv) Under the breast or the pectoral muscles: The incision is along the lower edge of the breast. The breast tissue and the pectoral muscles are pulled up, and the ribs and costal cartilage of the anterior chest wall are exposed. The incision can be extended to the posterior lateral of the axillary, or extended to the standard posterolateral thoracic incision. According to the local anatomical features of different regions and rib fractures, the incision is selected and designed, the anatomical muscle space and muscle fibers are freed, and the peripheral nerves, blood vessels, surgical sites, surgical incisions and corresponding blood vessels, muscles and nerves are protected ([Table I](#tI-etm-0-0-8264){ref-type="table"}).

The specific surgical procedures are as follows: The patient is treated with general anesthesia. The specific position of the operation and the position of the incision are determined by the location of the fracture. The skin and subcutaneous tissue are removed layer by layer, and the tissue is completely freed. The peripheral blood vessels and nerves are protected. The protection of the long thoracic nerve, thoracodorsal, intercostobrachial and intercostal nerve cutaneous branches and thoracic and thoracodorsal vessels is required ([Fig. 1](#f1-etm-0-0-8264){ref-type="fig"}). The intermuscular space or muscle fibers are followed to the deep part, exposing the ribs and fracture ends. The exfoliation of the intercostal muscle is performed on the upper edge of the rib. When the exfoliation is performed, the periosteum is retained as much as possible to promote the healing of the fracture. The thoracic cavity can be entered through the exfoliation point for internal fixation surgery, thoracic cavity exploration, and hemothorax removal. If fixed with a rib-embracing device, the intercostal nerve and vessels are freed, the fracture ends are repositioned, and the fixation is placed. If the locking plate is used for fixation, the fracture end can be directly restored, and the locking plate can be directly placed. Two screws are placed and locked at the two ends of the fracture, and the titanium alloy rib locking plate is firmly fixed. Satisfactory surgical results can be obtained. Exposure limits are often applied to \<5 consecutive rib fractures.

3.. Tunnel-type titanium alloy rib locking plate rib fracture internal fixation
===============================================================================

During the operation, the center position of multiple rib fractures was selected according to the location and shape of the fracture (the approximate center point of the maximum lateral and longitudinal line of the multiple lateral rib fracture area) ([Fig. 2](#f2-etm-0-0-8264){ref-type="fig"}).

For the multiple rib fractures away from the center of the incision, the tunnel-type rib fracture internal fixation system is used for fixation. If the fracture is obviously dislocated, the periosteum is cut along the fracture line and the reduction clamp is used to pull the reduction. The internal fixation material is selected from the Synthes MatrixRIB titanium alloy rib locking plate fixing system (Johnson & Johnson). The rib cage is selected according to the shape of the rib. The rib bone plate is drilled and fixed with 5--6 pieces of locking pin with a length of 8 mm and a diameter of 3 mm, and the fracture end is carefully avoided. The procedure has the advantages of small trauma, simple operation, safety, liable fixation, good tissue compatibility and less complications. It is suitable for rib fractures in special parts of costal cartilage and paraspinal, especially ideal for patients with complications, such as floating thoracic wall, flail chest and blood pneumothorax.

4.. Video-assisted thoracoscopic assisted minimally invasive rib fracture open reduction and internal fixation
==============================================================================================================

Video-assisted thoracoscopic techniques have been applied to thoracic exploration and hemostasis in the treatment of chest trauma, which have become necessary technical means for the treatment of chest trauma ([@b11-etm-0-0-8264],[@b12-etm-0-0-8264]).

Video-assisted thoracoscopic surgery can observe the place where the chest wall floating is more serious, and guide the reasonable choice of surgical incision. During the operation, the thoracic cavity, lung and diaphragm muscle injury can be detected and treated in time. Thoracoscopy is used to remove the functionalized hemothorax to maximize the space for lung recruitment. However, there are few reports on the application of open reduction and internal fixation for rib fractures. The reason is that the bony thorax is tightly combined with the soft tissue of the chest wall. There is no conventional internal distraction surgical instrument to provide operation space for surgery and few surgical instruments are suitable for minimally invasive rib fracture internal fixation.

### Tunnel-type thoracoscopic rib fracture fixation

Positive results of the application of endoscopic techniques have been reported. The author team developed and designed a surgical device that can be used to open the muscular chest wall from inside, and the rib plate clamp for the endoscope, the periosteal free device, and the endoscope bracket ([Fig. 3](#f3-etm-0-0-8264){ref-type="fig"}). The chest wall expander can open the thoracic and muscular thorax, providing an operating space, making it possible to apply the video-assisted thoracoscopic technique to the open reduction and internal fixation of the rib fracture. The endoscopic periosteal free device can absorb a large amount of smoke during most of the operation to ensure the clarity of the surgical field of view. The rib plate clamp for the laparoscopic plate can push the rib fixation plate along the rib direction and buckle on both ends of the anatomical reduction rib fracture. At the same time, the special rib clamp is used to fix the rib fixing plate to the fracture end surface. Due to the small operation space, the existing clamp can flexibly adjust the angle, which is suitable for minimally invasive surgery. The skeletal thoracic tunnel endoscopic rib internal fixation operation is realized, which can effectively reduce the length of the incision, reduce the muscle damage of the chest wall, fully reveal the surgical field, reduce the surgical trauma, and save the operation time and manpower. Thus, this technique has obvious advantages compared with conventional incision surgery ([@b13-etm-0-0-8264]).

The specific surgical procedure is as follows: General anesthesia by single lumen cannula, the patient\'s surgical position is designed according to the rib fracture site and the number of fractures (supine position, prone position, or left and right lateral position), and if necessary, the position can be changed during surgery; the 3D reconstruction data of the ribs, the surface positioning measuring scale and the CT surface positioning technique of the CT fractures are combined to mark the surface location of the fracture end. The surgical incision is located in combination with the anatomical distribution of the chest wall muscles of the fracture site, generally taking into consideration the central position of the multiple rib fracture and the chest wall muscle space (commonly used approaches: Pectoralis major approach, breast inferior margin approach, auscultation triangle approach, erector spine approach and axillary approach).

The incision can be transverse, longitudinal or oblique, \~3--5 cm long, free subcutaneous and muscular layer, dissected along the muscle space and muscle texture to the skeletal thoracic surface, avoiding breaking muscles; to cut part of the muscle attachment point along the bony thoracic surface; a special chest wall opener is used to open the surgical instrument to prop up the muscular thorax in a direction perpendicular to the skeletal thorax (the chest wall opener has completed the application of the National utility model patent, application no. 201721524911.X). To separate the skeletal thoracic and muscular thoracic the thoracoscope is inserted, the necessary muscular thorax is freed under the guidance of the endoscope, and form a temporary chest wall tunnel. After reduction of the fracture of the distal incision, the rib fixation plate should be buckled at the ends of the rib fractures on the anatomical reduction along the direction of the ribs, and the rib fixation plates were circum ferentially fixed to the fracture end surface using special clamps. The internal fixation material can be determined according to the fracture site of the patient and the economic conditions of the patient. For example, the rib cage locking plate can be combined with the rib minimally invasive plate system (MatrixRIB-MIPO; Johnson & Johnson). Compared with conventional surgical video-assisted thoracoscopic surgery, this procedure can provide good illumination, visually and comprehensively explore the tissue structure around the fracture end, determine the specific location, number and severity of the rib fracture, and effectively avoid damage to the chest wall muscle and intercostal vessel and nerve, significantly reducing postoperative complications. Therefore, it is worthy of clinical promotion.

5.. The Su total thoracoscopic rib fracture bone plate nail intrathoracic implantation and fixation
===================================================================================================

Thoracoscopic implanted NiTi memory alloy rib plate intrathoracic implantation and thoracoscopic absorbable rib nail fixation were performed.

The indications for laparoscopic surgery were as follows: i) Patients with fractures in the F-zone, i.e., non-occlusion of the axillary, anterior and posterior and lateral chest walls; ii) single or multiple fractures or simultaneous laparoscopic repair of vascular injuries. Surgical fractures should be in the non-occluded area of the axillary, anterior and posterior and lateral chest walls. The Su total thoracoscopic rib fractures and bone plate fixation in the thoracic cavity are technically feasible in selected patients, however, they are not replaceable in severe cases, such as conventional thoracotomy for open thoracic surgery, which requires further improvement. Pieracci *et al* ([@b14-etm-0-0-8264]) reported the use of locking plate fixation in the thoracic cavity to fix the ribs in the thoracic cavity. The advantage is that the thoracic cavity can be explored while fixing the ribs, however, the operation in the thoracic cavity is limited, the fracture reduction is difficult, and has high requirements.

6.. Minimally invasive Nuss surgery for patients with severe flail chest with sternal fracture
==============================================================================================

Lee and Kang ([@b15-etm-0-0-8264]) reported the use of Nuss method for the treatment of bilateral vertebral fractures with sternal fractures and sacral thoracotomy ([Fig. 4](#f4-etm-0-0-8264){ref-type="fig"}); combination of sternal fractures and severe flail chest is a clinically life-threatening disease, and the conventional sternal approach uses a metal plate to stabilize the chest wall, which does not achieve the effect of stabilizing the chest wall. Nuss surgery is used to support the collapse of the chest wall from the posterior sternum. The chest wall is stabilized after surgery. The operation uses the midline incision on both sides of the chest for \~3 cm. A subcutaneous tunnel is established between the 4th intercostal space. The Kelly forceps is placed under the sternum and above the mediastinum. The Kelly forceps is placed from one side of the chest wall incision to the opposite side, and then 36-cm pectus rod is pre-plasticized to form a symmetrical arch, pointing to the opposite side along the subcutaneous tunnel, rotating the Pectus rod, and then the collapsed thorax is propped up.

This operation is suitable for patients with severe flail chest combined with thoracic fracture with short operative time and small surgical injury. It has certain advantages in thoracic trauma rescue surgery, however, it has poor effect on local rib fracture reduction. The risk for postoperative delayed thoracic hemorrhage is high. Unless the patient feels unwell after surgery, the orthopedic plate left in the body will not be removed. If the patient has obvious chest discomfort or demands, the orthopedic plate will be removed 1 year after the thorax is stabilized.

7.. Introduction of internal fixation materials suitable for different surgical methods
=======================================================================================

At present, the commonly used fixing materials in China include intramedullary fixation, embracing fixation and steel plate screw fixation, which are respectively represented by absorbable rib nails, nickel-titanium or memory alloy plates, and MatrixRIB titanium plates, each with advantages and disadvantages ([@b16-etm-0-0-8264],[@b17-etm-0-0-8264]). Among them, the nickel-titanium alloy embracing fixation is a simple operation procedure, which does not require excessive peeling of the periosteum during surgery, and is suitable for patients with a large number of fractures.

Because the embracing device easily compresses the intercostal nerve, there is a possibility that the pain cannot be relieved after surgery, and fractures near the rib cartilage and the spine are not suitable for application; pure titanium alloy embracing device requires fully peeling the periosteum to accurately reset the fracture end, and the fixation effect is exact, although the operation is complicated. As a result, it is not suitable for rib fractures far from the incision, or for rib fractures near costal cartilage and the spine. Titanium alloy rib locking plate for internal fixation of rib fractures has a good therapeutic effect for some cases that are difficult to reset or with multiple fractures ([@b18-etm-0-0-8264]). Small incision or tunnel laparoscopic surgery can be combined with the rib minimally invasive plate system (MatrixRIB-MIPO), which can accurately shape and firmly fix rib fractures in multiple locations, especially for fractures near costal cartilage and the spine ([@b19-etm-0-0-8264]). The absorbable rib nail or plate is made of polylactic acid polymer, which has been successfully applied to traumatic flail chest and non-traumatic thoracotomy ([@b20-etm-0-0-8264]). It has not been widely clinically popularized because of its limitations in biomechanics and degradation rate.

8.. Conclusion
==============

At present, surgical treatment of multiple rib fractures has been accepted by an increasing number of medical workers ([@b21-etm-0-0-8264]--[@b23-etm-0-0-8264]), and surgery tends to be minimally invasive. Different rib fixing materials have their own advantages and disadvantages. Nickel-titanium alloy embracing fixator is a new material with memory function at temperature. It can be stretched and deformed at low temperature, automatically restored to its original state under body temperature, without secondary surgery. It has good histocompatibility, strong corrosion resistance, less immune rejection, and does not affect magnetic resonance imaging. The pure titanium claw-shaped bone plate has high strength, good histocompatibility, and no need for secondary surgery. The advantages are similar to those of the nickel-titanium alloy embracing fixator, however, special tools are required for fixing and removing, and a large space is required for operation. The absorbable intramedullary nail has a slightly higher flexural strength than the human cortical bone, and is completely degraded in 3--5 years. The effective support time is 8--10 months. It does not require secondary surgery, and the fracture healing can be stimulated during the decomposition process. However, there are certain deficiencies in clinical application. The stability of the internal fixation is slightly worse than that of the nickel-titanium alloy embracing fixator and the pure titanium claw-shaped bone plate. For the fractured wedge or comminuted fracture, it is usually not fixed. The development and clinical application of absorbable rib fixation materials will be a research hotspot in the field of chest trauma treatment. The clinical promotion of absorbable materials in multiple rib fracture surgery will make the surgery even less invasive, reducing surgical complications ([@b24-etm-0-0-8264],[@b25-etm-0-0-8264]).

3D printing technology has been widely used in various medical departments, such as the production of personalized artificial prostheses and built-in objects ([@b26-etm-0-0-8264],[@b27-etm-0-0-8264]); especially for some complex rib fractures, 3D printing technology is adopted. According to the rib fracture reconstruction model one day before surgery, the corresponding rib internal fixation materials and models, and individualized plasticity are selected to complete accurate preoperative planning; thereby reducing or even eliminating the internal fixation shaping time in tunnel surgery, further reducing the surgical injury of the patient. The development of surgical instruments specially used to open the musculoskeletal thoracic space provides an operating space for laparoscopic surgery, opening up a new range of clinical use of thoracoscopic surgery.

In conclusion, with in-depth understanding of the minimally invasive concept, the accumulation of clinical experience and the unremitting exploration of technology, the continuous improvement of fixed materials and surgical instruments for minimally invasive surgery with less trauma and less operation time will be used clinically to achieve a satisfactory clinical outcome.
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###### 

Detailed partition of fractures.

  Partition   Position         Rib range                  Incision position                                                                            Muscle involved                                     Nerve involved
  ----------- ---------------- -------------------------- -------------------------------------------------------------------------------------------- --------------------------------------------------- -----------------------
  1           Supine           2--6 front ribs            Curved incision of the medial edge of the pectoralis major                                   Pectoralis major                                    
  2           Supine/lateral   7--10 front ribs           Rib bow incision                                                                             Extra-abdominal oblique                             
  3           Lateral          2--6 side front ribs       Lateral marginal incision of the pectoralis major muscle (anterior axillary line incision)   Pectoralis major                                    Long thoracic nerve
                               3--10 side ribs            Midaxillary line incision                                                                    Front serratus                                      Thoracic dorsal nerve
                               3--10 side rear ribs       Posterior axillary line incision                                                             Latissimus dorsi                                    Thoracic dorsal nerve
  4           Prone            2--5 rear ribs             Scapular medial edge incision                                                                Trapezius rhomboid                                  
  5           Prone            5--8 rear ribs             Auscultation triangle incision                                                               Trapezius, latissimus dorsi                         
  6           Prone            5--12 paravertebral ribs   Paravertebral longitudinal incision                                                          Trapezius, latissimus dorsi, erector spine          
  7           Prone/lateral    7--12 rear ribs            Posterolateral oblique incision (inclined incision along the latissimus dorsi fibers)        Latissimus dorsi, serratus anterior and posterior   
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